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Effects of Intermolecular Interactions on 23S Magnetic Shielding in Gaseous SF
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Density-depender#S magnetic shielding has been measured for the first time. For pure gasecsiSEs

binary mixtures with Xe, C@and NH; at 298 K, an increase in density linearly decreases¥eshielding

constant of SE This permits one to separate quantitatively the shielding contributions due to intermolecular
interactions and the shielding parameter of an isolategn®secule. Spir-spin coupling in Sk (XJsg) has

also been measured but only for gaseous samples of high densities. It was observedthatctheling

constant increases for more dense samples and that the increase is even more pronounced in liquid solutions.
All of the new results can be used for an improved verification of ab initio calculations of sulfur shielding
and spir-spin coupling in the SEmolecule because the né#s NMR measurements reveal the magnitudes

of appropriate intermolecular effects.

Introduction precisely the’3S NMR chemical shift for Sgin the gas phase
as a function of density. In this study, we report for the first
time the density-dependef#s nuclear shielding of pure gaseous
Fs and its binary mixtures with xenon (Xe), carbon dioxide
C0O,), and ammonia (Nb). Our results allow for a determi-
nation of the®3S shielding constant of $free of intermolecular
effects, e.g., extrapolated to the zero-density limit, and the
2 influence of intermolecular interactions on the shielding ig SF
o(T) = 0i(T) + 0y(Mp + 0(T)p" + ... (1) in selected gaseous solvents. We also present new measurements
of the spin-spin coupling between th¥F and33S nuclei for
whereoy(T) is the shielding for an isolated molecule and the pure Sk and for the solute gas in several liquid solvents. The
higher terms ¢1(T), 02(T), ...] are dependent on the density  preliminary results show the range of intermolecular effects in
and describe the intermolecular interactions in gag&s most  the |atter coupling constant in §Fand therefore, the value of
gaseous compounds at constant temperature, the shieldingjs: can be found with better accuracy.
o(T) varies linearly with densiif the pressure of the gas does
not exceed 40 atm. In such a casg(T) and the higher-order
coefficients in eq 1 can be safely ignored, and the remaining

parameters, i.eqe(T) andoy(T), can be precisely determined.  Gas samples were prepared by condensation of the pure gases
Density-dependent shielding has been successfully measured fof,om the calibrated part of a vacuum line into 8.1-mm-o.d. (6.1-
alarge number of gaseous systémbut mostly for nuclei with mm-i.d.) glass tubes (approximately 5.5 cm long), which were
no electric quadrupole moments. Recently, similar results have ihey sealed. The volumes of the sample tubes and the vacuum
also been published 6O magnetic shielding. __line were measured using mercury. Sulfur hexafluoride (99.75%,
Sulfur-33 has a natural abundance of 0.76%, a nuclear SPIN Aldrich), xenon (99.9%, Messer, Duisburg, Germany), carbon
number of;, and arelatively large quadrupole momen0[064  ioxide (99.8%, Aldrich), and anhydrous ammonia (99.99%,
b, whee 1 b (barn)= 10"2* m’.” In numerous chemical  Aigrich) from lecture bottles were used without further purifica-
compounds it leads to weak and very bro& NMR signals. 1, 15 prepare samples. In the gaseous mixtures, the solute gas

xvas¥:'5h?(;‘ eé aqr.] have shgwn Ithat a fmolecu!;e of tsﬁlfgr | (SFs) was kept at a low constant pressurel (0 atm) and mixed
exafluoride (SF) has exceptional properties, as its octahedra with various quantities of the gaseous solvents Xep,GDd

symmetry almost completely reduces the electric field gradient NHs (approximately +15 atm). Samples containing liquid

at the sulfu_r n.ucleus and i8S hqlf-W|dth .Ilne |333Ies§9tha2 1 solvents were prepared in 5-mm-o.d. (3.3-mm-i.d.) glass tubes
Hz in the liquid state. A seven-line multipletJ[33S, 19F) = .
. . that were slightly longer (up to 9 cm), where the level of the
251.8(2) Hz] was reported in this latter pager. . b L
. : liquid phase was 5.5 cm high. Liquid solvents were carefully
In the gas phase, th€S NMR signal of Sk is extremely dehydrated and degassed beforg B&s added. The sealed gas
weak because of its low density, so heteronuclear decouplingsamy les were fittedginto standarg 10-mm-o d. thin-walled l\?MR
and polarization transfer from the fluorine nuclei to sulfur are tub P Wilmad 513-PP) filled with li 'd.D.MS@ in th
jointly required to observe the natural-abundaf®® spectra u esl (Wilma DMS_@;) e Vé'f I'?hu' lock f N Z
in a reasonable time. Such a method has permitted us to obsery&NNuar space. was used for the lock system and as
the external reference standard. Later, the chemical shifts were
*To whom correspondence should be addressed. E-mail: kjack@ €XPressed relative to extetr@ M aqueous G0, solution.
chem.uw.edu.pl Three to five spectra were recorded for each sample to avoid

The nuclear magnetic shielding of a nucleus in a molecule is
affected by both intermolecular interactions and intramolecular
motion. In the gas phase, these effects are observed as
dependence of the shielding constam{T]p)] on density and
temperature
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accidental errors and to increase the precision of the measure-

ments.

The spectra were measured on a Varian Unity Plus 500
spectrometer at 38.420 MHz using a 10-mm VT BB probe
tunable in the range of %0 MHz. All measurements were
carried out at a constant temperature of 298 K. The 4000

35 000 scans were coherently added to obtain a S/N ratio above

10. A relaxation delay of 0.5 s and an acquisition time of 1 s
were used in all measurements. The 5000 FID complex points
were zero-filled to 8192 time domain complex points and
multiplied by a 2-10-Hz exponential line-broadening function
prior to Fourier transformation. The refocus@g{ 1°F} INEPT

sequence and heteronuclear decoupling were used to strengthen

the weak SEsignal at low concentrations. Polarization transfer
from 19F to 33S was accomplished according to the method
proposed by Morris et &l.

7l2(*%F), — A2 — a(**S) n(*F), — A,J2 —
ml2(F), l2(PS), — A2 — 7(*°S), n(*F), —
A,J2—FID (*S) (2)

To achieve the appropriate transfer amplitude, the déay
should be optimized for maximum excitation of single quantum
coherences of low-spin, i.e., for the spih = n/2 to the first
maximum of the function sia{JA;) cog~1(wJA;) (cf. Nanz et
al19), In the case of3S nuclei withl = 3/,, A; was set to 0.196/
Jse = 0.78 ms. Similarly, the optimal refocusing delay,
which is necessary for application of heteronuclear decoupling
during acquisition, should be set to the first extreme of sin-
(7IA2) cosY(wIA,)M for m equivalent spir/, nuclei, which,

in the case ofn= 6 in Sk, givesA; = 0.1341Jsg = 0.53 ms.

To evaluate théJsg coupling constant, the refocusing delay and
19 decoupling were omitted.

Additionally, for measurements of tRése coupling constant,
2D heteronucleaf®*S/A% NMR spectra were recorded for the
first time. As in the application of the INEPT technique to excite
exclusively single-quantu?S coherence (selected by standard
two-step phase cycling of botf#S #/2 pulses), the constant
delay for33S—19F coupling evolution was set to 0.198# =
0.78 ms!t® A sample 2D spectrum is shown in Figure 1.

Results and Discussion

The 33S magnetic shielding in gaseous sulfur hexafluoride
(SKs) was found to be density-dependent. In the present study,
this effect was observed for pure &khd three binary mixtures
of Sk with xenon (Xe), carbon dioxide (G and ammonia
(NHs3) as the gaseous solvents. At low density and constant
temperature (298 K), thé3S shielding in pure SFslightly
increases as the $Eensity becomes larger. The dependence
on density is linear, and according to eq 1, it implies a positive
o1 coefficient (cf.o; = 01aa in Table 1). However, the; term
consists of two contributions

01(T) = (o9)p t [02(D]int 3

where ¢1)p is the bulk susceptibility effect equal te(47/3)ym

for a cylindrical sample parallel to the external magnetic field.

The second term in eq 3 is exclusively due to intermolecular
interactions, and its value is negative for pure 8F. o1a-a)

in Table 1]. This is consistent with numerous results for other
nuclei, which show that intermolecular interactions have mostly
a net deshielding effect on the nucleus in a molecule. Moreover,
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Figure 1. Expansion of a heteronucledfSA°F NMR correlation
spectrum of gaseous §&t high pressure (approximately 20 atm). The
2D spectrum was obtained by the application of the refocti&elF
HMQC technique. Sixteen scans were coherently added for each state
TPPI data set for 189 increments. The maximuia andt, times were

90 and 512 ms, respectively. A relaxation delay of 0.1 s was used.
The data matrix containing 188 2048 complex points ir; andt,

was zero-filled to 512 4096 complex points and apodized by a cosine
function in both time domains prior to Fourier transformation.

TABLE 1: 33S Magnetic Shielding in Pure Gaseous Sfand
Its Binary Mixtures with Xenon, Carbon Dioxide, and
Ammonia at 298 K

solute (A) gas solvent (B)

parameter SF Xe CO NH3

o (ppm} 175.90(1)

owxy (ppm 0.052(7) —0.034(20) —0.030(22) —0.165(9)
L mol~1)°

(o1v)b (PPM 0.184 0.191 0.087 0.068
L mol~1)pe

oux-v) (ppm  —0.132(7) -0.225(20) -0.117(22) —0.233(9)
L mol~1)pd

o1x-y) (ppm  —0.90(5) —1.71(16) —2.65(51) —13.69(6)
mL g—l)b,d

aRelative b 2 M aqueous GSO, solution as the external reference
standard® X = Y = A for pure Sk and X= A, Y = B for binary
mixtures.© (o1v)r = —(47/3)ym, Whereyy is the molar susceptibility
of the solvent gas (Yis d O1(x-Y) = 01Xy — (O’ly)b.

the results of NMR measurements are extrapolated to the zero-
density limit. In this work, the*3S shielding constant for SF
was measured relative 2 M aqueous GSOy solution as the
external reference standard, and its value, as shown in Table 1,
is equal to 175.90(1) ppm. As seen, this sulfur shielding can be
determined with high accuracy, and it is significant. The absolute
3S shielding tensor of SFcan already be calculated using
advanced ab initio method3as has been done for O¢SThe
octahedral symmetry of the $Rolecule permits such calcula-
tions to be performed together with rovibrational corrections.
The new scale of*3S magnetic shielding can be based
exclusively on accurate theoretical results, as has been done
for 170 shielding!* Then, the presenty(298) parameter for SF

can be used as an excellent reference standard for further
experimental applications f#S NMR spectroscopy. It is worth
noting that some ab initio calculations of sulfur shielding in
Sk have already been performed at the coupled HartFeek
(CHF) level. Using the IGLO (individual gauge for localized

the linear dependence on density permits the precise determi-orbitals) method, Schindler obtained 408.7 and 388.6 ppm as

nation of the shielding of an isolated molecutg(R98)] when

the 33S shielding constant of gFor two different basis sefs.
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TABLE 2: 1Jge Spin—Spin Coupling Constant (Hz) for Sk
from 335 NMR Spectra at 298 K

175.94 3§ NMR

E)
g% SKssample 1] (335-19F)
217586 gaseous;-20 atm 250.1(4)
= supercritical fluid 251.4(2)
£ 15827 liquid 251.6(2), 251.8(2)
2 e X inCS 253.1(2)
] e in n-C5H12, n-CeH14, CGFG, 2534(2)
é" —_— w \M ~ SF,tXe ~ [(CH9)sSi,0, and CHCN
» ' in (CH3).CO 253.8(2)
" 47870 ‘ ‘ ‘ . . ‘ ‘ ‘ in CCls and c-GHi. 254.0(2)
000 002 004 006 008 010 012 014 016 in CeHs and (CH)2SO 255.2(2)
density [g/mL] in CHl 255.7(2)
Figure 2. Density dependence 68S magnetic shielding in pure 2 From *F NMR spectrum at 333 K and44 atm.” At 295 K?
gaseous Sfand its binary mixtures with xenon, carbon dioxide, and
ammonia relative to the sulfur-33 shielding 2 M aqueous GSO, solutions. The sulfusya-a)(298) parameter is equal t60.134-

solution at 298 K. Densities refer to §for the neat solute gas and to (7) ppm L mol? (cf. Table 1), whereas the fluoringa—a)
the gaseous solvents (NHCO;, and Xe) in t_he binary mixtures where term is more significant, being0.358(15) ppm L moit at 303
g‘géjénos%?f S/,Ele_/as keptlow and approximately constap$Fe) = K according to Mohanty et &% or —0.397 ppm L mot! at
. . mL]. . )
g/m] 300 K according to Jameson et al. (as estimated from the original

At the CHF level of approximation, these results seem accept- dat@ accounting for the bulk susceptibility effect and the change
able, but the CHF method does not include electron correlation, Of Units)?* Here, small differences in temperature are negligible
and for this reason, the latter theoretical results fos Gfnot ~ When the cited results are compared. The observation can be
be particularly accurate. Meanwhile, tA#S shielding scale is ~ €Xtended to over theya-g) parameter if xenon is used as the
based on the spin-rotation constant for OCS measured by92as solvent. The sulfury—g)(298) parameter is less negative
molecular-beam experiments and Flygare’s procetfuf@ This than the fluoriner,a—g)(303) parameter, being0.223(20) and

gives the absoluté®s shielding in OCS equal to 843(12) in —489(16) ppm L mot’,?! respectively. It is obvious that the
Wasylishen’s original scafeor to the more reliable value of ~ €Xternal fluorine nuclei in Sf-are more exposed and more
817(12) ppm if the diamagnetic contribution of the shielding is sensitive to interactions with other molecules than the sulfur
better estimate¢? Application of the preser¥#S shielding scale ”UC|?US- However, any simple explanation baseq on the geo-
remains limited because the appropriasT) parameter for OCS metrical structure of Sfmolecule (e_ng_., the _solute site fact®r

has never been measured. A linear OCS molecule gives poor®@n not provide an adequate description of intermolecular effects
335 measurements in the gas phase, as its NMR signal is weak,i” nuclear magnetic shielding. An intermolecular shielding
broad and strongly dependent on intermolecular interactions (cf, Surface is needed to provide appropriate insights into the latter
the large®s gas-to-liquid shift of OCS® The absolute sulfur effects. The intermolecular shielding surface can be calculated

shielding of Sk can therefore be estimated as equal to 373 ppm by ab initio methods, but this requires enormous computati_onal
(or 399 ppm in Wasylishen's original sc8leccording to the work, and for large molecules such assS$uch a procedure is

existing experimental results. More advanced calculations of Still not viable in practice. o
335 nuclear magnetic shielding in SBre badly needed for Our present™®S NMR study reveals that the spispin
improvement of the sulfur shielding scale. coupling between th& and*s nuclei in Sk is also density-
For a binary mixture of gas A with gas B as the solvent, the dependent, which signifies the modification ke by inter-
density-dependent shielding in eq 1 can be rewrittén as molecular interactions. However, in this case, the precision of
the 33S NMR measurements for gaseous samples has not been
— satisfactory enough to give tAdsr spin—spin coupling constant
o(1) = 0o(T) + 0aa(Dpa + Te(Mpg + - @ free from intermolecular interactiF())ns. F())ne capn only presume
that the s value extrapolated to the zero-density limit is
probably below 250.0 Hz. Table 2 presents the results showing
the increase of thilsg parameter when $Bamples are changed
from gas to supercritical fluid and pure liquid. The increase is
even larger when a small amount of (35 dissolved in other
liquids. It is worth noting that théJsg spin—spin coupling
constant of an octahedral SFolecule is not really constant;
rather, its variations in liquid solvents easily exceed 5 Hz and
’ do not correlate with permittivity (dielectric constant). The same
increase intJsr (3.3 Hz) is observed for hydrocarbons such as
n-pentane andi-hexane € = 1.84 and 1.87, respectively) as
for acetonitrile ¢ = 36.64), and the same effect (5.1 Hz) is
observed for benzene & 2.28) as for DMSO { = 47.24).
For this reason, the change idsr spin—spin coupling cannot
be due to the different permittivities of the media, as has been
suggested for other systefs.

where pa and pg are the densities of A and B, respectively.
According to eq 3, the coefficientsaa(T) and oas(T) con-
tain the bulk susceptibility correctionsol{),, (08)s] and the
[o1(T)]int terms taking account of intermolecular interactions
during binary collisions of A-A and A—B molecules §ya-a)(T)
and oya-g)(T), respectively]. In this study, the density of A
(SKs) in gaseous solutions was kept low and constant. The results
of our 33S shielding measurements are displayed in Figure 2
where the linear dependence on gas dengiyof pg) is clearly
visible. However, the intermolecular effects are fairly modest,
and it was necessary to change the units of density for better
presentation of our results in Figure 2. The shielding data for
Sk alone are available from observation of the pure solute gas.
This has enabled us to determine all of thgs(298) and
o1a-8)(298) shielding parameters with satisfactory precision,
their values being given in Table 1. For the first time, it is
possible to monitor precisely the influence of intermolecular
interactions on thé3S magnetic shielding in gases. It is worth
comparing the magnitude of these effects with similar data Modern NMR techniques allow for the observation of weak
available from previou®F NMR studies for SFand its gaseous  33S signals in the gas phase. We have used this opportunity to

Conclusions
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. . . (5) Jameson, C. Lhem. Re. 1991, 91, 1375.
with high accuracy. Here, the appropriatg(298) parameter, (6) Makulski, W.; Jackowski, KChem. Phys. Lett2001,341, 369.

representing shielding at the zero-density limit, is obtained with (7) Multinuclear NMR Mason, J., Ed.; Plenum Press: New York, 1987;
satisfactory accuracy and can be used as the origin of a futurep 625.

improved 335 shielding scale. Generally, the intermolecular __ (8) Wasylishen, R. E.; Connor, C.; Friedrich, J.@an. J. Chem1984
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be dependent on intermolecular interactions, but quantitative reson1998 135, 444
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NMR capabilities. Altogether, our experimental study provides 11051.

insight into the magnitude of intermolecular effects %% (15) Schindler, M.J. Chem. Phys1988 88, 7638.

shielding and spirrspin coupling in Sk and this knowledge (16) Flygare, W. H.J. Chem. Phys1964 41, 793.
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